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NEW PROCESSING OF COMPOSITE GRIDS 
FOR AEROSPACE APPLICATIONS 

Stephen W. Tsai and Kevin K.S. Liu 
Department of Aeronautics and Astronautics 

Stanford University 
Stanford, CA 94305-4035 

ABSTRACT 

Composite materials exhibit their highest stiffness and strength in unidirectional format. 
Any deviation from this lead to lower fiber volume fractions, and lower properties. 
Composites grids can be exceptionally stiff and strong if their ribs are umdircct.üii|ü. 
Several approaches have been published in recent years. Modeling of mull.c„cct.onal 
grids is simple because it follows the assumptions of netting analysis; i.e., all ribs aic 
beams Grids are networks of ribs joined at their nodes. It will be shown that grids oiler 
an attractive balance between properties and manufacturing. For shells ol revolution, one 
generic manufacturing process, called TRIG, shows several advantages over other 
processes. Cost effective applications that can be derived from TRIG will be discussed. 

KEY WORDS: Composite Structures, Design, Manufacturing, Applications 

1.   FORMS OF COMPOSITE MATERIALS 

For composite materials to compete with existing materials, performance/cost issue has 
been a perpetual challenge for years. The highest performance is m un.d.rcct.onatapes 
and tows. Any deviation from this form degrades the performance of composites. This can 
be seen by the comparative properties of straight versus bent fibers Woven labnes o. 
example, have lower properties because fibers are not kept straight. An equally nnpo.lanl 
effect of wavy fibers in a fabric and preform is the lower fiber volume fracl.on that further 

reduces performance. 

' Now with Applied Materials, Santa Clara, CA 



Although fibers arc kept straight within each ply in a multidirectional lummulcd composUc. 
S and lamination are two most commonly encountered lai.ure mechanisms 
These mauix related failures occur much earlier than fiber failures under tension o, 
compression. The premature failures severely limit laminate performance. 

In Vetrotex figures below, the uniaixal tensile strengths and stillness of various forms of 
lls/epoxy composites versus fiber volume fractions are shown. The highest per orining 
SosUe is the unwoven form where the fibers are straight and their volume ..action can 
be over 60 percent. In fact, in pultrusion and filament winding, fiber Iract.on can be Inghe. 

than 70 percent. 

Any multidirectional lamination and/or woven and braiding formats reduce the properties. 
Preforms for resin transfer molding are made from woven fabrics. The resulting composite 
products have inferior properties because fibers are not kept straight and bbcr Iract.on is 

usually less than 40 percent. 

The worst performance occurs when fibers arc chopped into short lengths. This is done to 
enhance processing as in the cases of mats, sheet molding compound (SMC and bulk 
molding compound (BMC). While composite stiffness is affected only slightly in these 
forms as compared with continuous fibers, strength suffer significant loss. Another Tacto. 
that further reduces strength properties of chopped fiber composite is the wide deviation of 
properties that vary from point to point. To achieve some level of reliability, a large 
margin of safety must be taken. 
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Figure 1 Composite strength and stiffness properties as functions of fiber volumes. 

Summarizing an important consideration for the form of composite materials, superior 
properties of unidirectional plies and laminates are sacrificed by fabnc and pre orm lor 
three reasons: 1) fibers are not kept straight, 2) fiber volume fraction is lowered, and 3) 
complex fiber architecture can initiate local failures. 
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Chopped and discontinuous fibers offer worse properties. (The loss in composite stillness 
Sthan that of strengt.,) The gain in formability may not olfset ,e loss o ,,opcm« 
While individual fibers may be straight, their oncnlalion is random he d kxl.ve s .es 
of the composite is drastically reduced. The loss of strength o. discontinuous hbious 
composites can be attributed to the lack of continuity in fibers load carrying capability. 
Reliance on the matrix to transfer loads from fiber to fiber is very mcfl.c.cnl. 

It is therefore a challenge in composite materials design to balance between performance 
and cost as dictated by fiber form and manufacturing process. Composite grids have high 
performance because fibers in the ribs are unidirectional and straight. Manulacturmg 
processes can be built from wet winding which is inherently low cost. We can thus achieve 
one of the best balances between performance and cost. These advantages make a 

compelling case for grids. 

2.   GRID MANUFACTURING PROCESSES 

Isoerids have been used for many applications including rocket interstage by Boeing 
(formerly McDonnell Douglas), jet engine covers by Pratt & Whitney, and pressure hüls of 
International Space Station shells by NASA/Marshall. These grids were made Iron, 
machining solid metallic plates. In fact, one of the earliest aerospace applications ol 
metallic grids was the Wellington bomber of WWII which had an exceptionally damage 
tolerant design using a grid as the substructure. Grids made from unich.ecl.onal composite 
ribs however, would give much improved structural performance and less weight. Wgli 
stiffness and strength of the ribs are derived from the unidirectional form of the libers. 

Historically, there have been many examples of multidirectional grids made from 
unidirectional composite tows. Examples include those by the Soviets lor rocket 
interstages, a German space frame for a telescope, South African railway towers, and a 
Japanese patented frame for concrete reinforcement for some time. A common weakness 
of these grids has been the unconsolidated ribs and rib intersections. Uncontrolled ribs are 
low in buckling resistance. Uncontrolled intersections are low in strength. 

A process pioneered by USAF Phillips Laboratory (in Albuquerque, NM) used rubber 
tooling as the guide for an interlaced isogrid. Because of the soft tooling, the ribs did not 
have well-defined geometry and smooth surface finish. The triple-layered rib intersection 
was replaced by an offset having three double-layered intersections. I he grid then 
consisted of two basic triangles, one with sharp corners and the other with blunted corners. 
A similar configuration was also proposed by Russian workers. Strictly speaking this 
double-triangular grid was neither isotropic nor homogeneous. Furthermore additional 
space was not provided for the double-layered intersections. Additional space at these 
intersections would alleviate "traffic jam" which would strengthen these nodal points. In 
addition, labor intensive operations were required to manually apply compaction during 
tow layup, bagging for during curing and tool removal after curing. 

Papers and presentations on composite grids have appeared in recent years. In 1996, 
Goldsworthy ct al covered the development of the Starship's fuselage reinforced by an 
angle-grid and some other applications (1). McCloy et al. of Alliant Systems just reported 
their isogrid containment cylinder made by fiber placement (2). They presented a very 
elaborate tooling concept. The basis of the design as a structure, however, was not 
described in detail.   Silvcrman ct al also presented their composite isogrid lor spacecraft 



components (3) The manufacturing process or a reflector was described. Their ribs were 
SSÄd of being rectangular. In all these papers, the ""«^ymg P^ ^Z 
of grids was not cited. The big picture is missing. Do we need puds becau ol u. 
performance and/or cost? How do they compare with other structural forms/ Can we luve 
fb ck of the envelope emulation? For performance there is a s.mp.e answer and will 
shown later in this paper. For cost the issue is far more complicated and can only be 

answered qualitatively. 

A Stanford process for shells of revolution of hi- and Iridireclio.ial grid is based on a 
patented Tooling Reinforced Interlaced Grid or TRIG. The resulting gr.d shells have wcll- 
ESed and smooth-finished ribs. The triple-layered inlcrscchons have much cn.a.g d 
space to allow the intersecting ribs to spread out laterally. In TRIG process, ribs can be 
laminated and hybridized so the stiffness, thermal expansion and conduct.v.ly ol the gud 

can be optimized. 

The dimensions of the ribs and the repealing cells in the grid arc sized and »P«»'»^ ■«; 
described by Chen and Tsai (4). We found that rib volume fraction should be 10-20 
percent. The size of the repeating cells should have six or more across the smaller 
dimension of the structure. The grid will then be elaslically homogen./.cd lor both static 
and dynamic analyses. The optimization of the grid based on its elleclive stillness 
becomes considerably simpler than modeling when ribs are discrete. In (he lalle, case, 
rcmeshing is necessary whenever rib geometry is changed. 

There are other variations of hard and soft tooling for bi-, tri- and quad, i-dircelional grids. 
A patented "egg crate" concept by Lockheed Martin, for example, used hard tooling loi 
each cell on a grid and cured under mechanically applied forces. This process_ may^ be 
suitable for flat grids with small overall dimensions. For shells of revolution RIG oHers 
a flexible and low cost process for both low and high volume productions. 1 he shells ol 
most interest are cylindrical, conical and spherical. 

3.  WHAT IS TRIG? 

Stanford's composite grids have been applied to reinforcement lor concrete columns, 
fairings, satellites, and floor panels. In TRIG process, the starling material arc lubes shown 
in Figure 2 below. Tubes are then sliced or contoured and positioned to form the tooling 
for subsequent interlacing. The tooling forms the lateral surface or the s.dcwall of the ribs. 

Figure 2 Picture showing triangular tool and lube 



For unidirectional composite ribs, the fibers in the start.ng tubes are oriented al ong he 90 
degree or hoop direction. For isogrids, the tooling tube is an cqu.lalcral triangle, n act. 
the pLise shape and size of the triangle are determined by the geometry and loading 

conditions on the shell of revolution: 

1. Geometry: cylindrical, conical or spherical 
2. Malerial(s) and lamination of the tooling tube 
3. Material(s) of the interlacing 

To make an isogrid or trigrid cylindrical shell the starting lubes are contoured to have 
curvatures corresponding to the ID and OD of the shell. The hc.gl.l ol ll,c cu« I. w.ll be the 
thickness of the shell. This is shown in Figure 3 below: 

Square    Triangle 
CURVED CUT—j/ ID. 

Figure 3 Tooling tubes are cut with a contour to fit cylindrical mandrels 

The contoured lubes become the hard tool and become an integral pari ol the final grid. 
They will define the lateral surface of Ihc ribs in a grid as well as prov.de the grooves that 
will guide the wet tows in filament winding. The positioning of the tooling and the 
subsequent interlacing are shown in Figure 4. 

Figure 4 Positioning tooling onto a mandrel and subsequent interlacing 

The groove formed by the tooling is V-shaped having the same enclosed angle as thai 
formed by the arch length of tooling. The cenlerline of the tooling is normal ol the 
mandrel The tension in the tows will naturally guide the lows lo the bottom of the 
grooves. As another advantage of the TRIG, the winding paths need not be geodesic. 1he 
V-shaped ribs of a TRIG processed grid consist of two parts: the outer wall Irom the 
tooling tube and the interior core from the interlacing. The tooling tube can be laminated 
and hybridized; the interlacing is formed by unidirectional tows of one or more materials. 
These variables are useful if CTE (coefficient of thermal expansions), thermal conductivity 

and others are considered. 

In circular cylindrical and conical shells, the space of intersections of ribs is widened in 
two or three directions. This will accommodate the multiple layers or intersecting lows 
and the "traffic jam" is relieved. When soft tooling is used, the grooves that dehne ihc rib 



sidcwalls normally have constant widths, not V-shapcd. Tins is necessary lor the removal 
of the rubber looling after curing. Hence there is no widened space provaled to spread the 

tows at rib intersections. 

Examples of square and angle grids by TRIG are shown in the pictures in 1-igurc MKIOW^ 

Wet winding results in not only low cost (for not using prcprcg) but also smooth and sl.ong 

rib intersections. 

Figure 5 Pictures of TRIG cylinders 

4.   OTHER ADVANTAGES OF TRIG 

For filament winding shells of revolution, one or the simplest winding patterns would be a 
helical pattern. The angle is usually larger than 0 degree. The simplest isognds would be 

[0/±60] or [90/±30], or more general trigrids [0/±<|>] or l90/±(|)j. For TRIG processes, hoop 

or 90-degrec tows are interspersed between the [±fy\ helical winding. The placing of 90- 
degree tows cannot be continuous and is interrupted by the helical tows. It is moic 
advantageous for TRIG process to have 0-degrce plus helical tows. While 0-dcgrcc tows 
are not as easy as helical tows, for grids the 0-dcgrcc ribs arc Tew in number and far fewer 
than the number of tows of a solid laminated shell. Having the V-shaped grooves as 
guides, longitudinal winding becomes much more doable than laying a homogeneous a 0- 

degree layer. 

Other advantages include: 

1 For shells of revolution filament winding is by far the lowest cost manufacturing 
process as compared with fiber placement, layup, braiding and RTM processes^ Grids are 
particularly suited for filament winding using cither soft or hard tooling. I RIG can be 

classified as hard tooling. 

2 Wet winding results in further cost savings lor which prepregs are no longer necessary. 
The cost of prepreg can be several times higher than that or the fiber. Fiber placement 
needs a machine that costs millions of dollars, expensive looling and prcprcg. It is 
therefore inherently more costly than wet winding. The speed of application of composite 
tows by filament winding can be one or two orders of magnitude higher than fiber 
placement. Dcbaulking, vacuum bagging or autoclaving and all the atlc.ulant consumables 
add additional costs to fiber placement and common layup p.ocesses. II mass pimluciion is 



^n^rlPrPfi there is rcallv no competition between filament winding and libci 
XcnTe F btr 2 ,„:,« is, csuiccd „/complex sbapes ,ha, .„elude concave «,, aces 
FoTsWls or revolution. filament wi„di„e has well established cos. and ex,e„s,ve da.abasc. 

are several 3 TRIG process for building multidirectional grids is unique because HICK 

Lin options not possible with grids made fron, tooling for timed interlacing (e.g., the 
Ph tips Lab approach). The tooling tube in TRIG can be designed to have all hoop wound 
SSÄ^mld be [0] along the ribs in a grid) or an angle-ply lammaic. he U c 
combined with interlacing material(s) along the nbs can ^^^f.^ 
expansions from positive to negative values. (A very high negative CI L can 1c ..1 . vcd 
for example by [0/+30J from a high-strength carbon lammaic.) Matching C1L ol the 
[up^Äd with that of the another structure would reduce sign.lican.ly .he thermal 
stresses resulting from cryogenic to room temperature change. 

4 TRIG processed shells having double curvatures will automatically provide more 
spacing at rib intersections and do not need to use a rib offset (the Phillips 1 ab approach) 
to relieve the triple-layered nodes in a tridirectional grid. To provide double curvaUuc 

nodes the preferred rib directions for trigrid shells are [0J and [±(|>j, but no. [90] and 1±(|> j. 
Along the [90] path, the groove would have parallel walls, not V-shaped. 

5 TRIG can be used to manufacture grids with or without skins. In fact it is preferred to 
have grids as the load-carrying frame. Skins are there for functions other than load bearing. 
Keeping water out or holding pressure in may be good reasons to have one or two skins. 
We have found that skins are often the weak link because micro cracking in the skin occurs 

much earlier than rib or node failure. 

6 TRIG can have smooth or faceted contours of a shell of revolution. A faceted design is 
particularly advantageous from the cost standpoint for conical and spherical shells which 
have continuously changing curvatures. Another TRIG feature >s .he possibility of 
integrating cylinders with conical or spherical heads in a tngr.d vessel or la.mig. I he 
winding pattern can transition smoothly from one section to another, on or oil geodesic 
paths. Thus continuous filament winding patterns can be accomplished which in turn 
significantly reduces manufacturing cost. 

7 TRIG relies on identical, repeating triangles to form a grid. The openings of these 
triangles permit ready insertion of identical insulation or pressure-bearing slabs. H>. 
faceted shells, these slabs can be flat. That eliminates the need for multiple curvalu.es for 
the slabs if a smooth exterior surface of a shell is desired. The insert can prevail nbs horn 
buckling. The compressive strength of the grid is thus increased. 

8 Grids can be sized to take all the loads. Skins can be purely functional; i.e., to keep the 
water out or to use glass or ceramic slabs for transparency. An example of faceted cyhndc, 
is shown in Figure 6. This is an illustration of the geometry only, not an example of 1 RIG 

made grid. 

9 Semi spherical heads can be made by TRIG in the same way cylinder are made. The 
key is to have identical triangles that would cover the entire spherical surface. An example 
of a TRIG processed sphere is shown in Figure 7. This was made under the direction ol 
Dr Keith Alexander, University of Canlebcrry, Christ Church, New Zealand. 



Figure 6 A faceted cylinder 

Figure 7 Picture of a faceted sphere. 

10. A picture shows a faceted vessel for a deep diving vehicle. This is shown in Figure 8. 
Only the faceted hemispherical head and its tooling are shown. 

Figure 8 Tool and grid of faceted faces of a hemispherical shell. 



This vessel is intended to be used as an instrument package thai can reach any depth 

around the globe. 

5.  VARIATIONS OFTRIGRID SHELLS 

There can be many variations of the TRIG process. Isogrid is a special trigrid. '1 he.basic 
cell can be any triangle. Each rib can have different dimensions and d.flc.cn 
hybridization. Such variations can be embedded in the tooling lubes (or the case ol 
thermal properties, for example) or in the interlacing malerial(s). '1 he height ol the loolmg 
tube may be higher than that of the interlacing. In Figure 4, tooling and mterlacmg have 
the same height. This configuration may be effective if we consider the loolmg lo provide 
the grid stiffness, while the interlace provide more strength than stiflncss. A simphhcalion 
of the TRIG process for trigrids can be made if two triangular tools arc bonded back to 
back to form a diamond tool. Only interlacing required for the trigrid will be in the helical 
pattern. The 10] or [90] ribs are discontinuous or piece-wise continuous. While the 
structural performance of this simplified TRIG is lower than that of a true I RIG (with 
complete interlacing in all rib directions), there can be a significant cost saving m 
manufacturing. Diamond shaped tooling is shown in Figure 9 below where two tr.anglcs 
can be either bonded or filament wound and co-cured. 

Triangular tubes bonded filament wound & co-cured 
Figure 9 Diamond tool formed by two triangles. 

The diamond tools can be positioned, shown below on the left of Figure 10, and interlaced 
with a helical pattern, shown as solid lines on the right. The vertical ribs arc discontinuous, 
not interlaced. This rib direction can be set along either the hoop or longitudinal direction. 
The selection will be dictated by the loading conditions. The diamond shaped tooling can 
also be formed by bonding four triangles together. We will then have a quadr.-d.rccl.onal 
grid that can be made by helical winding. Both the [0] and [90] ribs arc discontinuous. 

Diamond tubes positioned        Final helical interlacing 

Figure 10 TRIG process for trigrids with vertical rib being discontinuous: diamond tooling 
positioned on the left and interlaced on the right. 



A completed isogrid Mat panel and cylindrical shell by diamond tooling are shown in 
FigureTl   The material of construction is all carbon: carbon tubes and carbon „Unlacing. 

&$■? 
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Figure 11 Trigrids with one discontinuous rib in flat plane and cylindrical shell. 

TRIG process can be applied to conical shells as well. Triangular and diamond shaped 
tooling will have sizes changing with the diameter of the shell. Uns .s ddferent.ro, 
circular and spherical shells where one triangle can cover the entire surface. Due to the 
changing diameter of conical shells, faceted ones would be considerably simpler to make 
than shells with variable curvatures. The mandrel, however, must also be faceted. I he 
resulting grid will be analogous to the hemispherical shell shown in Hgure 7. 

6.  ANALYSIS 

Stress analysis for grids is exceptionally simple, in fact, simpler than laminated plate 
theory Grids use terms and definitions analogous to compos.ic laminates, 1 ypical lens 
are shown in Figure 13 below for square grid on the left and isogr.d on the right. 
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Figure 13 Definitions of square and isogi ids. 

In the early days of composite materials, modeling was based on netting analysis, simply 
stated: loads in a structure are carried by unidirectional fibers. From balance o lorces the 
membrane loads to resist internal pressure of a cylindrical vessel would be most ell.c.cnt y 
carried by fibers oriented with a helical angle of 55.75 degrees. It turns out that composite 
grids are the physical reality of what netting analysis tried to portray more than 40 years 
ago Each rib is modeled as a beam subjected to bending, twisting and axial loads, lhc 
stiffness of the grid is not sensitive to the end conditions of the ribs, lunged or clamped. 
Failure of a rib can be by tensile or compressive overstress or Bulcr buckling. 

In TRIG processed grids, the intersection points or nodes are widened and also subjected to 
higher compaction pressure during processing. This is particularly true for faceted girds. 
We can therefore assume that the nodes having a greater cross sectional area would be 

stronger than the ribs. 



There are two important design parameters for grids. The first is the n . stillness h„„ and 
me o he." he rib volume fraction f. The latter is analogous ,„ fiber volume Iracl.on l,o 
unidTreetional composite ply. For square and isogrids the rib Iracl.on can be easily deiived 
and the results are shown in Figure 14. Rib length is L and w.dth b. 
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il 
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Figure 14 Rib volume fraction of square and isogrids as functions of rib aspect ratio L/b. 

The rib volume fraction is expressed in terms of the rib aspect ratio L/b. For the same rib 
aspect ratio, isogrid has higher rib fraction. Conversely, for the same rib fraction .sognd 
has higher rib aspect ratio. Various rib fractions of isogrids arc shown ... Figure IS. 
Analogous rib fractions for square or other grids can be drawn. 

f= 12 percent  f = 23 percent  f = 39 percent 

Figure 15 Visual presentation of various rib fractions of an isogrid. 

For effective grids, volume fractions between 10 and 20 percent are recommended. When 
rib fractions become 40 percent the grids are also known as waffle plates. I hey can be 
defined as a grid where rib buckling is not possible. When rib fraction becomes lower than 
10 percent, rib buckling strength may be loo low for most applications. 

Grid stiffness in terms of rib stiffness can be easily derived for square and isogrid. The 
stiffness along the ribs is simply the rib stiffness corrected by rib w.dth and spacing. A 
simple rulc-of-mixlurcs relation exists between the rib and grid stillness. Ihis is ve.y 
reassuring for designers. Like cross-ply laminate, a square grid is ortholrop.c with a square 
symmetry There are three independent constants. The elastic moduli are shown in Figure 
16 below. Suffice to say, similarly simple relations can be derived lor rectangular grids or 
square grids having different widths and/or materials along the [0] and [90J ribs. 
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Figure 16 Elastic moduli of a square grid in a simple rule-of-mixtures relation. 

For isogrids, the grid stiffness is modeled by analyzing two equilateral triangles. This can 
L seen a a repeating unit in a grid, shown in Figure 17 below. Tins gnd confgural.on has 
no e banUstiffness between extension and shear. It is suitable lor most apphcaions 
wh^ stable structures are desired. Unlike square and rectangular gnds, the s ear n * 
of the grid is 3/8 of the effective Young's modulus. We thcrelorc recommend #c 
square grids for general applications. Square grids are useful when ihcc .s no shea, 

loading. 

2bErjb 

Figure 17 Elastic moduli of an isogrid in terms of the rib stiffness and volume fraction. 

The stiffness in the diamond structure is contributed by the on-ax,s ribs only. 1 he off-axis 
ribs are there to transfer the applied tensile loads, ir load is.applied along he 2-axi . 
Following the same approach as the square grid, the area corrccl.on is simply Uic two ub 
width divided by the horizontal distance, 1.73L. 

If the load is applied along the 1-axis. the off-axis ribs acting as a mechanism will impose 
colressive stress on the same double ribs in the figure. The resukmg stiffnesses of the 
repeating element will be the same. The two orthogonal stiffnesses are equal. 

Pöisson's ratio for the repeating element can be rationalized by considering tl'e extension 
along the off-axis ribs due to an applied tensile load. It can be shown that the .csull.ng 

Poisson's ratio is 1/3. 

Shear modulus for isotropic materials follows a simple relation that 

C = 
E 

2(1 + v) 

3E 

8 



Thermal expansions and thermal conductivities of grids can he similarly derived by 
^ilring gmwm or now of heal through the ribs only. The ribs of TRIG processed grids 
n^tSed to have a CTE to match that of another structure to winch the gnd may be 

attached. 

Heat flow out of the plane of the grid can be prevented by inserted insulation slabs. This 
heat can also be modeled using an effective radial conductivity o. a gnd w.ü. msulating 

slabs. 

7.  CONCLUSIONS 

Composite grids have been advocated for their performance and cost over similar metallic 
grids For shells of revolution, TRIG process may be particularly cllect.vc because 
filament winding using wet tows can provide strong interlacing. Filament winding is a 
continuous process, not interrupted by dcbaulking and vacuum bagging. Curing does not 
require autoclave. Wet winding also facilitates the spreading ol the lows at ub 

intersections. 

Tooling remains the greatest challenge for TRIG, as is for more processes. As interest in 
composite grids increases, we can expect greater opportunities lor composite materials in 
the years to come. We would expect that new manufacturing processes will emerge as the 
performance and cost advantages are demonstrated. Cylindrical, conical and spherical 
shells are the most likely grid structures that can compete in performance, cost and delivery 

time. 

Based on our findings thus far we believe that the most effective use or grids will be thai 
without load carrying skins. Grids will carry all the load while skins are there lor 
functional reasons such as insulation, transparency, pressure, weather and other hostile 
environments. Skins present not only attachment problems but ollcn fail be ore (he grid. 
This is the opposite of sandwich panels where the skins carry the load and the core is lor 
functional reason. In a way we are going back to the structural concept that the Wright 

brothers used. 
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